Abstract-In
Several techniques have been proposed and demonstrated for fabricating low loss planar and channel waveguide lasers in rare earth double tungstate crystals (KREW), such as He + -ion implantation [7] , liquid phase epitaxy (LPE) [8] , ion milling [9] , [10] or femtosecond (fs) laser writing [11] , [12] . Among these, laser writing technique is becoming an incipient and promising technique, as it does not require the need of any mask or clean room facilities, and therefore allows rapid prototyping with relatively low costs. Moreover type I, II and III waveguides allow 3-D designs. This feature is lost in type IV waveguides but instead, type IV (ridge) waveguides offer higher lateral confinement and thus the possibility of making more compact devices with lower bending radius [13] .
Concerning fs-laser writing techniques, in double tungstates only type I (single track) and type II (double filament) laser waveguides have been reported [11] , [12] . In this work, Yb 3+ doped KREW ridge waveguides fabricated by combining LPE with fs-laser microstructuring are presented. Mirrorless laser action is obtained in these active structures with a slope efficiency of 78% and output powers as high as 100 mW. This value is a noticeable improvement compared to previous waveguide lasers fabricated by means of fs-laser writing in double tungstates [11] , [12] , and in the range with waveguide lasers in similar materials fabricated by more conventional techniques like Ar etching [6] where the reported laser efficiency in a mirrorless cavity is 72%.
II. EXPERIMENTAL PROCEDURE
In order to obtain the substrates, single crystals of KYW were obtained by top seeded solution growth slow cooling technique [2] . The growth process was performed in a vertical tubular furnace from a high temperature solution of KYW in K 2 W 2 O 7 , prepared with a ratio of solute:solvent = 12:88 (in mol%) following the standard procedure [14] . The seed used for the growth was oriented parallel to the b crystalline direction. In this way, 2 mm thick slices perpendicular to the b direction were cut and polished up to optical quality. This substrate orientation will later on allow the fabrication of waveguides which support propagation of light with polarization parallel to the N m principal optical direction. This optical direction was chosen because this polarization presents an absorption and emission cross section critically higher (about ten times higher) than the other two optical directions when doped with Yb 3+ ions at 980 nm [2] . A planar waveguide was fabricated by depositing an epitaxial layer by LPE over the selected (0 1 0) oriented KYW substrate. The composition of the epitaxial layer was (1.5 at %Yb): KY 0.59 Gd 0.185 Lu 0.21 (WO 4 ) 2 , which was selected considering the lattice mismatch and refractive index increase respect to the undoped KYW substrate. This composition presents an index increase of 5 × 10 −3 around 1 μm wavelength for N m polarization, and a lattice mismatch close to zero, which minimizes propagation losses [14] , [15] . For the growth of the epitaxial layer, the solute/solvent ratio was 7:93 in order to have a better control over the crystal growth process [16] . Finally the epitaxial layer was polished down to 4 μm thickness, and the sample was cut and polished to obtain a 7.5 mm length planar waveguide.
To achieve lateral confinement in the waveguide, two parallel channels were defined in the epitaxial layer by means of fs-laser microstructuration. The details are explained elsewhere [17] . The channels were fabricated using pulsed fs-laser amplification system (Tsunami and Spitfire, Spectra-Physics) operating at 800 nm and producing pulses of 100 fs at 1 kHz. The laser wavefront was modulated using a spatial light modulator (SLM) (Hamamatsu PPM X8267) before being focused by a microscope objective (NA = 0.40) at the sample surface. The wavefront is transferred to the back-focal plane of the objective by an image-relaying system (with magnification of 0.4). The channels were generated translating the sample at 100 μm/s with a motorized three-axis stage.
In order to reduce the roughness of the channels, the approximation scanning technique [18] was used. It consists on performing several parallel irradiations with a certain degree of overlapping between them. To reduce the processing time, a wavefront is introduced to multiplex the beam (several spots slightly shifted at the focal plane) to generate the channel in a single scan, significantly reducing the processing time. In the present work, a configuration with seven spots displaced diagonally was used. The phase mask imprinted in the SLM to generate the multiplexed beam array was obtained using a weighted Gerchberg-Saxton algorithm [19] . Scans were performed with pulse energies between 1.8 and 2.4 μJ.
Finally the end faces of the sample were polished up to 0.25 μm roughness to enable end fire coupling. In this step, the sample was embedded in a high hardness resin to avoid damage in the ridge structures. This raisin was easily removed after the polishing using dichloromethane. The final length of the sample after this process is 7.2 mm.
III. RESULTS AND DISCUSSION

A. Waveguide Characterization
The KYW substrate has a refractive index of 2.010 at 980 nm wavelength for polarizations parallel to N m , while the epitaxial layer has an index increase Δn = 5 × 10 −3 and 4 μm thickness. This planar structure allowed monomode propagation at 980 nm wavelength in accordance with numerical simulations.
Ridge waveguides with widths from 6 to 15 μm were fabricated following the procedure explained above. Fig. 1 shows the 3-D representation of a 15 μm width ridge waveguide measured using an atomic force microscope (AFM). Statistics from these measurements [20] gave a standard deviation of the roughness of σ = 0.22 ± 0.05 μm, and a correlation length of L c = 1.8 ± 0.2 μm. The ridge waveguides were characterized by nearfield modal analysis. It was not possible a proper characterization of waveguides narrower than 10 μm due to damage in the tracks, and thus high propagation losses. Therefore only waveguides of 10, 12 and 15 μm width have been characterized, hereafter labeled as waveguide A, B and C, respectively. At the Yb 3+ laser action wavelength (λ 980 nm), the waveguides fabricated were found to be monomode in the vertical direction and multimode in the horizontal direction, as expected from numerical simulations. Nevertheless, beam propagation method (BPM) analysis showed that more than the 90% of the launched power was injected in the fundamental mode. The nearfield images give a lateral FWHM of 3.7, 5.6 and 6.3 μm for waveguides of 10, 12 and 15 μm respectively, while the FWHM in the vertical direction was similar in all waveguides with a value of 2.7 μm. The calculated overlapping factor between the pump and laser modes for the 15 μm waveguide is >0.99, similar to waveguides with widths of 10 and 12 μm, as there are few nanometers between pump and emission wavelengths.
Propagation losses of the channel waveguides were measured using a linearly polarized titanium-sapphire laser working at 800 nm, far from the Yb 3+ absorption bands. For that purpose, light was coupled and decoupled with a 10× and 20× antireflection coated microscope objectives respectively, and the optical power was measured at the input and output of the waveguide. Propagation losses were calculated taking into account the Fresnel losses at the waveguides end faces, and the coupling factor between the focused input beam and the waveguide modes calculated by BPM. With this procedure, propagation losses of 7.2, 2.6 and 1.3 dB/cm were determined for waveguides of 10, 12 and 15 μm width, respectively, in quasi TE polarization (E//N m ). In terms of propagation losses the obtained structures show propagation losses similar to other fabricated by fs laser writing [11] , [21] , [22] , where losses in the range of 1-2 dB/cm are reported, although far from the values obtained by Ar etching technique, where propagation losses below 0.5 dB are reported [6] , [23] .
Theoretical propagation losses due to surface scattering in the walls of the ridge structures were determined by BPM numerical analysis, using the parameters obtained by AFM measurements (σ = 0.22 μm and L c = 1.8 μm). It was found that, due to the roughness of the walls combined with the high index contrast at the air-core interface, the width of the ridge waveguide is a critical factor affecting the propagation losses, in accordance with the experimentally obtained values. Losses of 4.2, 2.8 and 1.2 dB/cm for waveguides 10, 12 and 15 μm width were calculated for quasi TE propagation while for quasi TM propagation the losses were found to be 5.3, 3.2 and 1.5 dB/cm, respectively. These values are in close agreement with the measured propagation losses, suggesting that the roughness of the wall is the main mechanism of propagation losses in the ridge waveguides.
As mentioned above, the high index contrast at the walls of the ridge structure should induce propagation losses due to surface scattering, especially for narrow structures. In order to analyze the effect of the introduction of a cladding over the propagation losses, BPM simulations were made with identical structures (and the same roughness parameters), substituting the air surrounding the waveguide by a KYW cladding with the same refractive index as the substrate. Results from this numerical analysis suggested that losses would decrease significantly, obtaining propagation losses of 0.16, 0.10 and 0.05 dB/cm determined for ridge waveguides of 10, 12 and 15 μm width, respectively. On the other hand, the fact of decreasing the refractive index contrast would lead to a decrease of the lateral confinement of the modes, and thus to an increase of the effective pump area. The overlap between the pump and the laser modes may also change, but in the case of Yb 3+ lasers this effect might be negligible due to the proximity of pump and laser wavelengths.
B. Laser Experiments
Laser experiments in the Yb 3+ doped ridge waveguides were carried out using a linearly polarized titanium sapphire laser as pump source. Light was coupled using a 10× microscope objective to enable end fire coupling. Laser output was collected using a 20× microscope objective and different multilayer band pass filters were used to suppress residual pump and measure properly the laser output power. Input pump power was selected using a set of neutral filters with variable optical densities. The coupling factor calculated between the input microscope objective and the waveguides have been of 0.30, 0.33 and 0.36 for waveguides of 10, 12 and 15 μm, respectively.
All the experimental results for channel waveguides were recorded under their respective optimized conditions and using the same set up. Output laser power collected from the waveguide was multiplied for 2 for data representation, as both end faces of the waveguide have equal reflectivity and thus equal power is emitted from both waveguide ends.
The feedback of the radiation is provided by the reflectivity of the two polished end faces of the ridge waveguide, which forms the laser cavity. At the operation wavelength, the reflectivity of the two cavity ends is given by the Fresnel reflectivity, which in our case is R 0.11.
Due to the strong anisotropy of the emission and absorption cross sections of Yb 3+ doped double tungstates, the pump was set parallel to N m . According to BPM simulations, 90% of the launched power was expected to be injected in the fundamental mode. Observed laser emission corresponded to the fundamental mode in all the analyzed waveguides. Laser emission was also polarized parallel to N m , which means that pump and laser modes can be considered quasi TE modes.
In the case of the waveguide A with a ridge width of 10 μm, the laser emission was found to be centered at 981.5 nm with a FWHM of 0.6 nm. In the other hand, in waveguides B and C the laser emission was centered at 1001 nm, with a FWHM of 0.7 nm. Fig. 2 shows the mirrorless laser emission spectrum of waveguide C when pumping at 933 nm. The excitation spectrum for laser action is also plotted as an inset. Laser emission was observed for pump between 910 and 960 nm for the three waveguides, being the most efficient excitation at 933 nm. In the case of waveguides B and C laser emission at 1001 nm was also observed with pump wavelength around 980 nm. Fig. 3(a) shows the output laser power curve of the waveguide A (10 μm width) operating at 981.5 nm under pump at 933 nm. In this waveguide, the laser threshold was around 40 mW, and the slope efficiency was found to be 23%. In Fig. 3(b) laser power curves for waveguides B (12 μm width) and C (15 μm width) are shown, where the laser peaks are centered at 1001 nm in both cases, after pumping at 933 nm. The laser threshold was found to be slightly lower for waveguide B compared to waveguide C, 31 mW and 38 mW, respectively. Comparing the slope efficiencies, waveguide C showed higher performance, 78%, and a maximum output power of 100 mW for an absorbed power of 160 mW, being the launched power 196 mW. The B type waveguide presented a lower slope efficiency, 47%, and the maximum output power was 72 mW, achieved for an absorbed power of 178 mW (launched power = 255 mW). The good features presented by waveguide C can be understood taking into account the low propagation losses obtained for this waveguide and the low effective area due to the strong confinement provided by the ridge structure.
Although laser action in Yb 3+ activated materials involves only the 2 F 5/2 and 2 F 7/2 multiplets, the high Boltzmann population of these two Stark levels allows quasi three and four level laser action, which explains the observed different laser emission wavelengths. The laser wavelength in these systems depends on the features of the active media, such as active ion media or the absorption and emission cross sections, but also on the properties of the waveguide and the reflectivity of the laser cavity [6] . In this way, key factors such as waveguide length, propagation losses and effective pump and emission area will determine the wavelength of the laser emission [6] . In this work, mirrorless laser action is reported under efficient pump at 933 nm at 981 and 1001 nm emission wavelength depending on the waveguides parameters. Regarding the parameters that determine the laser emission wavelength, the waveguide length was equal for the three different waveguides, and so was the effective pump area due to the strong lateral confinement. Therefore in the waveguides here presented, only propagation losses would determine the laser threshold for each emission line. The laser threshold for each transition can be explained in terms of the population inversion needed to equal gain and losses. The population inversion ratio can be calculated as N 2 /N d , where N d represents the dopant concentration and N 2 refers to the excitation densities of the upper multiplet 2 F 5/2 [6] . In this way, the population inversion at the laser threshold for each emission line of the Yb 3+ was determined in relation to propagation losses for a cavity with reflectivity R ≈ 0.11 and the concentrations here given (N d = 1.18 × 10 20 cm −3 ). From this analysis it is deduced that for the ridge waveguides here presented, mirrorless laser emission is expected at 1001 nm for structures with propagation losses below 3 dB/cm, while for waveguides with propagation losses higher than this value the laser emission is expected at 981 nm, which is in accordance with the results here presented.
The high efficiency found in this work, despite the relatively high propagation losses, can be understood taking into account the low reflectivity at the end-faces (R = 0.11) in the mirrorless cavity. Due to this low reflectivity, the effective path travelled by the resonant radiation inside the cavity is much lower than for cavities with higher output mirror reflectivity.
IV. CONCLUSION
Ridge waveguides have been fabricated combining LPE and multiplexed beam fs laser writing technique in Yb 3+ doped double tungstates. This technique has been optimized to control the depth of the channel and to obtain a roughness in the walls around 0.2 μm. The ridge waveguides have been characterized in terms of propagation losses observing losses of 1.3 dB/cm for quasi TE polarization in 15 μm width waveguides. Moreover, numerical analysis of the fabricated waveguides has confirmed the experimental data, showing the strong influence of the width of the waveguide on the propagation losses. In this way the benefits of the addition of a cladding has also been discussed.
The active ridge waveguides have shown efficient mirrorless laser action upon pumping at 933 nm. All the laser processes take place in quasi TE polarization which is explained by the fact that Yb 3+ doped KYW presents a strong anisotropy in their absorption and emission cross sections, and thus pump parallel to N m optical direction presented the most efficient laser performance.
Waveguides with relatively high propagation losses presented laser emission at 981.5 nm, while waveguides with lower propagation losses showed laser emission at 1001 nm. This way, 15 μm width waveguides showed the best laser performance, with a slope efficiency of 78% and a maximum output power of 100 mW for an absorbed power of 160 mW. These laser parameters are in the range of those previously reported in Yb 3+ doped KYW ridge waveguides fabricated by more conventional techniques [6] , and other fabricated by fs laser writing technique in other well known materials like Yb:YAG [22] , which confirms the feasibility of the fs-laser structuring technique here presented for the development of integrated waveguide lasers. Magdalena Aguiló received the B.Sc. degree in physics and the Ph.D. degree in physics from Barcelona University, Barcelona, Spain, in 1983. She is currently a Full Professor of crystallography at University Rovira iVirgili, Tarragona, Spain. Her research interests include the structural characterization of crystalline materials, X-ray diffraction, synchrotron characterization, anisotropy of the physical properties in relation with crystalline structure, X-ray texture analysis and orientation of the materials, crystal Growth of bulk, epilayers, nanoparticles, and nanostructured materials, and physical properties related to the crystalline structure.
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